Plant3R-MYBtranscriptionfactorsareanimportantsubgroupoftheMYBsuperfamilyinplants;however,theirevolutionaryhistoryand functionsremainpoorlyunderstood.Weidentified2253R-MYBproteinsfrom65plantspecies,includingalgaeandallmajorlineagesof land plants. Two segmental duplication events preceding the common ancestor of angiosperms have given rise to three subgroups of the 3R-MYB proteins. Five conserved introns in the domain region of the 3R-MYB genes were identified, which arose through a stepwise pattern of intron gain during plant evolution. Alternative splicing (AS) analysis of selected species revealed that transcripts from more than 60% of 3R-MYB genes undergo AS. AS could regulate transcriptional activity for some of the plant 3R-MYBs by generating different regulatory motifs. The 3R-MYB genes of all subgroups appear to be enriched for Mitosis-Specific Activator element core sequenceswithintheirupstreampromoterregion,whichsuggestsafunctionalinvolvementincellcycle.Notably,expressionof3R-MYB genes from different species exhibits differential regulation under various abiotic stresses. These data suggest that the plant 3R-MYBs function in both cell cycle regulation and abiotic stress response, which may contribute to the adaptation of plants to a sessile lifestyle.
Introduction
The MYB gene family is broadly distributed in eukaryotes (Lipsick 1996) , with many homologs in plants (Dubos et al. 2010; Feller et al. 2011; Du et al. 2013) . MYB proteins are defined by the presence of one or more MYB domains, typically denoted "R" (for repeat), which occur in the DNA-binding domain of MYB transcription factors (Lipsick 1996; Martin and Paz-Ares 1997; Rosinski and Atchley 1998) . Each R repeat comprises~52 amino acids that contain three regularly spaced conserved hydrophobic residues (usually tryptophans) that are essential in forming the hydrophobic pocket (Ogata et al. 1992) . MYB domains fold into three alpha helices, with the second and third helix forming a helix-turn-helix (HTH) structure (Ogata et al. 1992) . MYB proteins are classified into four major types (1R-MYB/MYB-related, R2R3-MYB, 3R-MYB and 4R-MYB) based on their number of repeats (Dubos et al. 2010) , although this classification is not necessarily consistent with the MYB phylogeny. There are three genes in most vertebrates and fewer than ten genes in angiosperms that encode 3R-MYB proteins (Feller et al. 2011) , which include the product of the prototypical c-myb gene (the cellular homolog of v-myb; Klempnauer et al. 1982) . However, the animal and plant 3R-MYB gene families appear to be separate clades, and the plant 3R-MYB genes likely gave rise to the diverse (~100-200 genes per species) R2R3-MYB gene families of plants (Braun and Grotewold 1999; Dias et al. 2003) . Thus, understanding the evolution of the 3R-MYB genes in plants is critical for understanding the evolution of the plant MYB gene family in general.
The primary function of many different MYB proteins appears to be recognition of specific DNA sequence motifs (Ording et al. 1994) , although MYB domains also play a role in protein-protein interactions (Grotewold et al. 2000) . Plant 3R-MYB proteins recognize Mitosis-Specific Activator (MSA) elements (Ito et al. 1998; Ma et al. 2009 ), and play a conserved role in cell cycle regulation. The 3R-MYB proteins in plants regulate the G2/M transition (Ito et al. 2001) , whereas the animal proteins regulate the G1/S transition (Bergoltz et al. 2001) . The DNA element (MSA) that plant 3R-MYBs recognize exists in the upstream promoter region of G2/M-phase specific genes, such as B-type cyclin genes, and it is both necessary and sufficient for driving G2/M-phase specific gene expression (Ito et al. 2001; Haga et al. 2007; Kato et al. 2009 ).
Plant 3R-MYBs often are divided into three groups (the A-, Band C-group; Ito et al. 2001; Ito 2005) . The tobacco NtMybA1 and NtMybA2 genes (A-group) have variable expression patterns during cell cycle, with a peak of expression at M-phase, and their products bind to the MSA element directly and activate B-type cyclin gene expression (Ito et al. 2001; Kato et al. 2009 ). The Arabidopsis orthologs (Myb3R1 and Myb3R4) of those tobacco genes bind to the MSA elements of B2-type cyclin, CDC20.1 and KNOLLE, and up-regulate their expression (Haga et al. 2007 ). Consistent with their putative role in the cell cycle, double mutants in these A-group genes exhibit incomplete cytokinesis, multinucleate cells, and defective cell walls in Arabidopsis (Haga et al. 2011) . In contrast, tobacco NtMybB (Bgroup) is constantly expressed during the cell cycle, and it functions as a repressor (Ito et al. 2001) . Finally, one of the C-group genes (OsMYB3R-2 in rice) is involved in both cell cycle and abiotic stresses (Dai et al. 2007; Ma et al. 2009 ). The OsMYB3R-2 is induced by stresses, such as freezing, drought, and salt; and, overexpression of it under stress conditions increases stress tolerance and maintains a high level of cell division (Dai et al. 2007 ). The pleiotropic effects of OsMYB3R-2 suggest it is possible involvement in the B-type cyclin pathway and the dehydration responsive element-binding factor/Crepeat-binding factor (DREB/CBF) pathway (Ma et al. 2009 ). It is unclear whether A-and B-group 3R-MYB proteins are also involved in abiotic stresses. Plants have sessile life styles and coping with abiotic stresses is a challenge for their survival. Placing these functions of 3R-MYB transcription factors in an evolutionary framework is important for understanding the ways that plants couple cell cycle and abiotic stress responses.
The genetic basis for functional divergence among the A-, B-, and C-groups of 3R-MYB proteins is also unclear. The carboxyl-terminal (C-terminal) regions of MYB proteins are highly divergent, and there is substantial length variation among the A-, B-, and C-groups (Ito et al. 2001 ). There is a negative regulatory domain located in C-terminal region that represses transactivation activity of NtMybA2 (A-group); specific cyclin/ CDK complex(es) could phosphorylate specific sites in NtMybA2 protein and remove the inhibitory effects (Araki et al. 2004 ). Overexpression of the truncated protein without the negative regulation domain up-regulates many G2/M specific genes compared with overexpression of the full-length protein in tobacco (Kato et al. 2009 ). In addition to these C-terminal regions, there can be divergence within the MYB repeats themselves. If any such divergent sites exist, they might exhibit shifts in their evolutionary rate (Gaucher et al. 2002) that would render them detectable.
Alternative splicing (AS) is a process that results in multiple discrete mRNA products from a single gene. This is a posttranscriptional modification of mRNA that may offer a quick response to stimuli in eukaryotes. More than 95% of animal multi-exon genes (Pan et al. 2008 ) and >60% of plant multiexon genes (Marquez et al. 2012 ) undergo AS. However, the extent and regulation of AS in the plant 3R-MYBs is largely unknown. Moreover, the evolutionary forces that shape current intron/exon gene structures (e.g., intron gain or intron loss) are unknown.
In this study, we explore the patterns of molecular evolution in the plant 3R-MYB transcription factor gene family and examine its motif and domain organization, gene structure, AS, and expression patterns under abiotic stresses. Specifically, we address the phylogenetic relationships among plant 3R-MYBs, seek to identify candidate sites and motifs in the 3R-MYB proteins that contribute to their functional divergence, determine the pattern of intron and AS evolution within the plant 3R-MYBs, and look for evidence that the A-, B-or Cgroup 3R-MYBs are involved in abiotic stress responses. Answering these questions will enhance our understanding of the evolution and function of the 3R-MYBs in plants and help illuminate the evolution and functional divergence of gene families encoding plant transcription factors.
Materials and Methods

Identification of the 3R-MYB Proteins
We used HMMER v3.1b2 (Eddy 2011) to conduct profile hidden Markov model (HMM) searches using the Pfam MYB DNA-binding-domain (PF00249) as a query to search annotated proteins from 65 plant species (supplementary table S1 , Supplementary Material online). For gene loci with multiple isoforms predicted, the primary isoform was used if primary isoform annotation is available; otherwise the longest protein was used. We considered sequences with three MYB domains identified by HMMER with an E-value of 1.0E-15 to be candidate 3R-MYB proteins. Those candidate 3R-MYB proteins from the HMMER search were then examined to confirm that three R repeats are adjacent to one another using the SMART (Letunic et al. 2015) , CDD (Marchler-Bauer et al. 2015) , and Pfam (Finn et al. 2014) databases. Proteins with nonadjacent R repeats or proteins containing other domains besides MYB domains were removed.
Multiple Sequence Alignments and Phylogenetic Analysis
We generated an amino acid multiple sequence alignment for 3R-MYB using Muscle v3.8.31 with default parameters (Edgar 2004) followed by manual improvements (supplementary data S1, Supplementary Material online), and used these as input to generate a maximum likelihood (ML) phylogenetic tree based on the entire protein lengths with RAxML v8.1.12 (Stamatakis 2014 ) using the LG4X model (Le et al. 2012) . Eight tree searches were performed to identify the ML tree. Then we attempted to improve the ML gene tree topologies using TreeFix (Wu et al. 2013) , which takes the ML gene tree topology, the sequence alignment, and a species tree topology ( fig. 1 ) and tries to find an alternate gene tree topology that implies fewer duplications and losses than the original ML topology while not significantly increasing the likelihood. About 500 nonparametric bootstrap replicates were run for the data set with ML under the LG4X model using RAxML (v8.1.12) (Stamatakis 2014 ) and MEGA6 Beta2 software (Tamura et al. 2013 ) was used to generate the tree figures.
Domain and Motif Identification
We identified group-specific evolutionary rate shifts in the MYB domain region using a method described by Gaucher et al. (2001) . Briefly, we estimated the amino acid substitution rates of each site in the alignments of the MYB-domains of six groups: 1) A-group; 2) B-group; 3) C-group; 4) A-and Bgroups; 5) B-and C-groups; and 6) A-and C-groups with PAML (version 4.8a) (Yang 2007 ) using the LG model (Le and Gascuel 2008) with À-distributed rate variation among sites. We conducted three comparisons: 1) A-group versus Band C-groups; 2) B-group versus A-and C-groups; and 3) Cgroup versus A-and B-groups. The expected evolutionary rate difference for any comparison of two groups is zero; large positive or negative values indicate shifts in rates. Sites with amino acid substitution rate differences >2.57 SD from the mean were chosen as significantly conserved or dynamic sites.
The branch-site model in PAML v. 4.8a (Yang 2007 ) was used to examine the MYB domain of A-, B-or C-groups for The species tree in the study was inferred from Ruhfel et al. (2014) , Zeng et al. (2014) , Vanneste et al. (2014), and Huang et al. (2016) . The divergence time was estimated by molecular clock dating from TimeTree (Hedges et al. 2015) . Stars on the branches indicate WGD events; the five WGD events Arabidopsis thaliana went through were a, b, g, E and z. In the species tree dark green, yellow, purple, blue, green, and red indicate algae, moss, gymnosperms, Amborella trichopoda, monocots, and eudicots respectively. Following the species names are the number of 3R-MYBs identified in each group as well as in total. Ma, million years ago.
positive selection following their divergence and, if present, to determine the sites of positive selection. In these tests, we compared the alternative model (branch-site model A) with its corresponding null model (model A with o 2 =1 fixed). Additionally, we tested for positive selection in monocots within A-and C-groups using the same method to detect whether monocot A-and C-groups have picked up B-group gene function and thus have accelerated evolutionary rates. In the positive selection tests, the nucleotide alignments of the DNA-bindingdomain region were generated from back translation from the amino acid alignments with in-house perl scripts.
Motifs in the carboxyl-terminus were identified using MEME (Multiple EM for Motif Elicitation) v. 4.10.2 (Bailey et al. 2006) . Sequence logos of the C-terminal motifs were generated with Weblogo Berkeley (http://weblogo.berkeley. edu/logo.cgi; last accessed March 31, 2017).
Synonymous Divergence among Paralogs PAML v. 4.8a (Yang 2007 ) was used on the nucleotide alignments described in the positive selection test (above) to calculate pairwise synonymous distances (d S , synonymous substitutions per synonymous site) with one ratio model (M0) (Goldman and Yang 1994) for nucleotide alignments of the MYB-domains of paralogous genes from each of 40 different angiosperm species (supplementary table S1, Supplementary Material online). Pairwise d S values were placed into six subsets depending on the group membership of the genes being compared (A versus A, B versus B, C versus C, A versus B, B versus C, and A versus C). Normal distributions were fit to the d S distributions of the six groups.
Syntenic Block Identification
In order to investigate whether the origin of the three 3R-MYB genes in Amborella were due to single gene duplication or segmental duplication events, we analyzed the synteny blocks in Amborella trichopoda and Ostreococcus lucimarinus. Syntenic blocks in Ostreococcus lucimarinus and Amborella trichopoda were identified with DAGchainer (Haas et al. 2004) . Ostreococcus and Amborella proteins were aligned to each another by the all-to-all BLASTp (version 2.2.28) method (Altschul et al. 1990 ). The combined file of genome annotation (gff3) and BLASTp results were supplied to DAGchainer with default parameters. Syntenic blocks that contain the algal and Amborella 3R-MYB proteins were plotted in R (R Development Core Team 2014).
Identification of Intron Positions and AS Analysis
We extracted gene structure information from gff3 annotation files for 42 species (indicated in supplementary table S1, Supplementary Material online). The evolutionary history of introns in the DNA-binding-domain was reconstructed using maximum parsimony with the phylogenetic trees constructed in this study ( fig. 2a and supplementary fig. S1 , Supplementary Material online). We also examined the 3R-MYB genes from six species for evidence of AS. Arabidopsis thaliana, Populus trichocarpa, Vitis vinifera, Oryza sativa, and Amborella trichopoda AS data was acquired from Chamala et al. (2015) , while AS in Sorghum bicolor was identified using the available reference genome sequence and annotation (Paterson et al. 2009 ) and publicly available sorghum RNA-Seq data (GSE30249 and GSE50464 from Gene Expression Omnibus) (Dugas et al. 2011; Olson et al. 2014 ) using the methodology described in Chamala et al. (2015) . Among the 25 3R-MYB genes identified within these species, 16 genes have evidence of alternatively spliced transcripts. The gene structure of the 16 3R-MYB genes were displayed with Gene Structure Display Server 2.0 (http:// gsds.cbi.pku.edu.cn; last accessed March 31, 2017) (Hu et al. 2015) , and the AS patterns were added with manual editing.
Analysis of Motifs in Promoter Regions
We examined sequences from the start codon to a point 2,000 base pairs upstream for 160 3R-MYB genes from 41 species (indicated in supplementary table S1, Supplementary Material online). These putative promoter regions were searched on both strands for exact matches to the sequence 5 0 -AACGG-3 0 , which is the core consensus sequence of the MSA element (T/C)C(T/C)AACGG(T/C)(T/C)A. We compared the number of exact matches to 5 0 -AACGG-3 0 in 3R-MYB gene promoters to 400 randomly sampled genes. We conducted a one-way analysis of variance (ANOVA) and Tukey's HSD (Honestly Significant Difference) test in R (R Development Core Team 2014) to examine the hypothesis that 3R-MYB genes have more potential MSA elements than randomly chosen genes. The number of potential MSA elements for each gene was transformed by square root to normalize residuals and equalize variances before statistical tests.
Gene Expression Analysis
We examined 3R-MYB gene expression under various abiotic stresses (heat, cold, drought and salt) with microarry data available from the AtGenExpress (Arabidopsis thaliana genome transcript expression study) project (Kilian et al. 2007 ) for Arabidopsis; and the Plant Expression Database (PLEXdb) (Dash et al. 2012 ) for barley, rice, wheat, maize, grape, soybean, Medicago, poplar, and cotton. For data with multiple time points, we performed a one-way ANOVA test to determine the statistical significance of expression changes. For data with control and stress conditions, we performed a twosample t-test to identify significant expression changes.
Results
Global Identification of 3R-MYB Proteins from 65 Plant Species
We identified 225 3R-MYB genes from 65 plant species using profile HMM searches (see Materials and Methods; fig. 1 ).
There was a single 3R-MYB gene in each of the algal outgroups, whereas the moss (Physcomitrella patens) has two 3R-MYB genes, possibly resulting from a genome duplication in that lineage (Rensing et al. 2007 ). Both gymnosperm species that were analyzed have two 3R-MYB genes. Amborella has three 3R-MYB genes that fall into the A-, B-and C-group, respectively, indicating gene duplications preceding the origin of angiosperms. All other angiosperm 3R-MYB genes also fall into the A-, B-and C-groups; the number of 3R-MYB genes found in angiosperm genomes ranges from one (e.g., Citrus sinensis) to nine (e.g., Triticum aestivum). The absence of gene members from a certain group of 3R-MYB in a given species might represent bona fide gene loss but it could also result from an incomplete or locally misassembled genome, improper annotation, or failure to meet our screening criteria.
However, the absence of B-group 3R-MYBs in many monocots [with the exception of duckweed (Spirodela polyrhiza), banana (Musa acuminate), and wild banana (Musa balbisiana)] suggests the loss of B-group 3R-MYBs during monocot evolution. Based on the distribution of B-group 3R-MYB genes in monocots, there were probably two independent losses: one in the grasses and one in orchid and palms. In addition, orchid and palms probably also lost A-group 3R-MYBs.
Phylogenetic Analysis of the Plant 3R-MYB Proteins
The 3R-MYB proteins were clearly divided among three groups (the previously defined A-, B-and C-groups) ( fig. 2a) . The A-, B-and C-group proteins were present only in angiosperm species, the single Amborella 3R-MYB gene in each group was sister to all other species. Within A-and C-groups, genes from monocots formed one branch while genes from eudicots formed another branch ( fig. 2a and supplementary fig. S1 , Supplementary Material online). This indicates no gene duplication event before the divergence of monocots and eudicots and the expansion of 3R-MYBs in angiosperms are mainly due to lineage specific duplication events during the evolution of monocots and eudicots. Synteny A total of 1,911 synteny blocks were identified between algae (Ostreococcus lucimarinus) and Amborella, with an average of 9.5 (SD = 2.8) genes per synteny block. Examination of these blocks indicates that the region of Ostreococcus lucimarinus chr9 surrounding a 3R-MYB gene is present in triplicate in Amborella-with each block in the Amborella genome containing one of the three 3R-MYBs (supplementary fig. S2 , Supplementary Material online). This suggests that the origin of the three 3R-MYB genes in Amborella resulted from segmental duplications rather than tandem duplications of single gene.
Synonymous Divergence Analysis of the Three Group 3R-MYBs in Angiosperms
We analyzed the pairwise d S values of paralogous 3R-MYB genes within the same species of angiosperms ( fig. 3a  and b) . Inter-group comparisons (A-B, B-C, A-C) were used to estimate the timing of gene duplication events leading to the divergence of the three groups. The peaks of d S distribution of the three inter-group comparisons are at 1.9, 2.2, and 2.4 for B-C, A-C, and A-B respectively. This suggests that the A-group diverged before the divergence of B-and C-groups, in agreement with the phylogenetic tree ( fig. 2a and supplementary fig. S1 , Supplementary Material online). Intra-group comparisons (A-A, B-B, C-C) were used to estimate the timing of gene duplication events after the divergence of A-, B-and C-group. We observed the peak of d S distribution of A-A, B-B, C-C to be at 0.7, 0.9, and 0.5, respectively.
The Evolutionary History of the Plant 3R-MYBs Motifs
Four conserved motifs were identified in the C-terminal region of plant 3R-MYBs ( fig. 2b and c) . Motif 2 arose early in land plant evolution and was conserved across moss, gymnosperm, and angiosperm proteins. The other three motifs appear to have been present within the common ancestor of seed plants (gymnosperms and angiosperms). Different motifs then appear to have been lost in each group. Specifically, motif 3 was lost from the A-group proteins, motifs 1 and 4 were lost from the common ancestor of B-and C-group proteins, and motif 3 was independently lost from C-group proteins ( fig. 2b) . We also observed a 12-14 amino acids deletion in motif 4 within the grasses ( fig. 2c and supplementary fig. S3 , Supplementary Material online). It is unclear whether the lost fragment in motif 4 affects 3R-MYB function in grasses.
Several amino acid sites in the MYB DNA-binding-domain appear to have undergone rate shifts ( fig. 4) . Most of the candidate rate-shift sites are located in the first helix of each R repeat, so they are unlikely to directly impact the DNAbinding activity since the second and third helix form a HTH structure responsible for DNA binding (Ogata et al. 1992) . Our rate shift analyses are consistent with the results of functional characterization of the three MYB repeats in animal c-MYB (Ogata et al. 1992; Ording et al. 1994) . Specifically, there are the fewest (3) rate divergent sites in R3, which plays the dominant role in DNA-binding, whereas R1 and R2 have more (6 and 7, respectively). Site 85 in R2, showing divergence among A-, B-and C-groups, is the only site located within the HTH structure.
In order to test whether any of the three groups experienced accelerated evolutionary rates after divergence, we tested positive selection of A-, B-and C-groups using a branch-site model (see Materials and Methods). However, none of these three tests support the hypothesis of positive selection (supplementary table S2, Supplementary Material online). Moreover, positive selection in monocots within the A-and C-groups was also not detected (supplementary table  S2 , Supplementary Material online).
Gene Structure Evolution
We identified six introns in the DNA-binding-domain region from 160 3R-MYB genes ( fig. 4a ). Five introns (A, B, C, D and E) are conserved among multiple species, while the other intron (b) was found only in one sequence. The distribution of the five conserved introns reveals their evolutionary history ( fig. 5 ). Introns A and B were present in the common ancestor of all land plants and green algae; indeed, intron A is broadly distributed in eukaryotes (Braun and Grotewold 1999) . Two additional introns (D and E) were gained before the divergence of mosses and seed plants. Finally, intron C was inserted after the divergence of seed plants from mosses. The unconserved intron b is found in only one case [Gorai008G117400 (B-group) in Gossypium raimondii]. Gorai008G117400 has conserved introns A, C, D, and E, and unconserved intron b in a position close to intron B. The amino acid alignment of the corresponding region around intron b of Gorai008G117400 is different compared with other proteins. It is possible that nucleotide substitutions around intron B may have altered splicing signals; alternately, it could be a sequencing/assembly error.
Notably, we observed four conserved exons at the 3 0 end in angiosperm A-group and gymnosperm 3R-MYB genes. The middle two of the four conserved exons contain the motif 4 in angiosperm A-group and gymnosperm 3R-MYB proteins ( fig. 5 ).
Alternative Splicing of the Plant 3R-MYBs
The proportions of 3R-MYB genes with evidence of AS in Arabidopsis, poplar, grapevine, rice, sorghum, and Amborella are 100% (5/5), 50% (2/4), 67% (4/6), 25% (1/4), 33% (1/3), and 100% (3/3), respectively. Thus, 16 of the 25 3R-MYB genes represented within the six species have evidence of undergoing AS, and these 16 genes produce a total of 30 AS events. Among the 30 AS events, 1 is exon skipping, 15 are intron retention, 7 are alternative acceptor, 1 is alternative donor, and 6 are alternative polyadenylation.
About 8 of the 30 events occur within untranslated regions (UTR), while 22 events impact the coding region ( fig. 6 ). About 8 of the 22 AS events that impact the coding region lead to premature stop codons. These transcripts may succumb to nonsense mediated decay (Chang et al. 2007 ) and may represent unproductive splicing that may regulate 3R-MYB protein levels (Lareau et al. 2007 ). Furthermore, 13 of the 22 events that impact the coding region affect the DNA binding domain. Of all the AS events identified, we observe two shared AS patterns in 3R-MYB genes among different species: Amborella Amtr00109.47, Arabidopsis At5g11510 and At3g09370 shared a conserved alternative acceptor event in their second exons; Grape GSVIVT01027493001 and Arabidopsis At4g00540 shared a conserved alternative acceptor event in their second exons ( fig. 6 ). Moreover, we observed a shared alternative polyadenylation event between the two A-group Arabidopsis genes (At4g32730 and At5g11510).
MSA Cis-Regulatory Element Prediction (Cell Cycle
Regulation)
The cis-regulatory elements necessary and sufficient to drive G2/M-phase specific gene expression (MSA) are specific targets of the trans-acting 3R-MYB proteins. Thus, MSAs provide a way to identify candidate genes that might be involved in the regulation of the G2/M transition during the cell cycle. The plant 3R-MYB genes have been shown to be self-regulated by MSA elements in their promoter (Kato et al. 2009 ). We used evidence of enrichment of the MSA element core sequence within regions upstream of 3R-MYB genes from plant species that have not been functionally characterized as indication of potential involvement in cell cycle. We searched for the MSA element core sequence (5 0 -AACGG-3 0 ) within either of the sense or antisense strands in the region up to 2-kb upstream of the start codon of the 3R-MYB genes. There were no significant differences in the number of MSA core sequences on the sense or antisense strand (supplementary fig. S4 , Supplementary Material online). The average number of MSA element core sequences in the upstream 2-kp region of each gene of the A-, B-, C-group, and the outgroup species (algae, moss, and gymnosperms) were 3.3, 3.2, 6.7 and 4.4, respectively. In contrast, the average number of MSA element core sequence in the upstream sequences for randomly selected genes was only 1.7. The numbers of MSA element core sequences in plant 3R-MYB genes are significantly higher than randomly selected genes based on ANOVA and Tukey's HSD test ( fig. 7) . While this suggests the possibility that plant 3R-MYBs are widely involved in the cell-cycle, this relationship remains to be experimentally verified.
The number of MSA element core sequence in C-group genes is significantly higher than that in A-and B-groups, suggesting that the C-group may have different regulatory mechanisms. The numbers in parentheses after the letter indicate intron position, with "0" indicates the introns between the two codons of the indicated two amino acids; "1" indicates the introns between the first and second nucleotide of the codon of the indicated amino acid; "2" indicates the introns between the second and third nucleotide of the codon of the indicated amino acid. Thick black lines at the bottom indicate the three helices in each R repeat (Ogata et al. 1992 (Ogata et al. , 1994 We analyzed available gene expression profiles of three Arabidopsis 3R-MYB genes, At4g32730 (A-group), At5g11510 (A-group) and At3g09370 (C-group), under various abiotic stresses. mRNA accumulation of At5g11510 under favorable growth conditions was 2-fold higher in the root than in the shoot, whereas the other two genes have similar expression levels in the root and shoot ( fig. 8 ). The C-group gene At3g09370 was induced under two different stress conditions: 1) heat treatment (both shoot and root); 2) salt stress (only in root). At3g09370 returns to its original expression level when heat stress is released. The A-group genes At5g11510 and At4g32730 showed reduced expression under heat treatment in shoot and root tissue, although change in expression was less dramatic for At4g32730 ( fig.  8) . Overall, there were several cases where A-and C-group 3R-MYB genes exhibited opposite patterns of regulation. The Arabidopsis C-group gene At3g09370 shows an upregulated expression pattern similar to the rice C-group gene OsMYB3R-2 under stress conditions, implying At3g09370 also plays a role in stress response. The opposite expression patterns of the A-and C-group genes described earlier implies a possible antagonistic regulation of these two groups under abiotic stresses in Arabidopsis.
Evolution of the 3R-MYB Gene Family in Plants
We analyzed available microarray gene expression profiles of 3R-MYBs in barley, rice, wheat, maize, grape, soybean, Medicago, poplar, and cotton. Among the available gene expression profiles, five A-group genes, one B-group genes and six C-group genes showed significant expression changes in response to one or more stress treatments ( fig. 9 ). Among the 15 instances of differential expression, six cases involved upregulated expression: A-group gene MLOC10556 (barley) in response to cold; B-group gene GSVIVT01019834001 (grape) in response to heat; and four C-group genes Glyma18G18110 (soybean) in response to heat, LOC_Os01g62410 (OsMYB3R-2) (rice), GRMZM2G081919 (maize) and Potri006G085600 (poplar) in response to drought ( fig. 9 ). The remaining nine instances of differential expression indicated downregulation in response to abiotic stresses. 
Discussion
Patterns of Duplication and Loss in Plant 3R-MYB Genes
Plant and animal 3R-MYBs share a 3R-MYB common ancestor, which is supported by the conservation of an intron in R1 (Braun and Grotewold 1999) and phylogenetic analyses (Dias et al. 2003) . Interestingly, there are similarities in the evolution of 3R-MYBs in plants and animals. Most invertebrates have a single 3R-MYB gene whereas vertebrates have three (A-MYB, B-MYB, and c-MYB) (Davidson et al. 2012 ). All three vertebrate 3R-MYB genes are involved in cell-cycle regulation, although they have distinct expression patterns and exhibit some degree of functional differentiation, such as the ability of B-MYB to complement Drosophila MYB mutants when neither A-or c-MYB can do so (Davidson et al. 2005) . The three vertebrate MYB genes have originated from two rounds of segmental duplication (Davidson et al. 2012) . They may also be a result of two rounds of WGD in vertebrates (Gibson and Spring 2000) , although more recent phylogenetic analyses raise questions about this hypothesis (Abbasi and Hanif 2012) .
Analysis of synteny between Amborella trichopoda and Ostreococcus lucimarinus suggest that the duplication events giving rise to the three members in Amborella were regional or possibly even WGD events. There are two putative WGD events, z and e, shared by all angiosperm species (Jiao et al. 2011) . Our phylogenetic analyses suggest that event e along with a second segmental duplication could have produced the three angiosperm 3R-MYB groups ( fig. 10a) , and it is conceivable that they were formed from both z and e events combined with a gene loss ( fig. 10b) .
Subsequent lineage specific duplication and loss events account for the variation in the number of 3R-MYB members observed in modern angiosperm species. For example, the grass lineage probably lost B-group 3R-MYBs (figs. 1 and 10); and the orchid and palms possibly lost A-and B-group 3R-MYBs ( fig. 1) . The B-group 3R-MYB gene in tobacco is constitutively expressed during the cell cycle and functions as a repressor (Ito et al. 2001) , whereas A-group 3R-MYB genes in tobacco and Arabidopsis exhibit circadian expression patterns that peak during M-phase and act as activators (Ito et al. 2001; Araki et al. 2004; Haga et al. 2007) . It was proposed that the repressors (B-group 3R-MYBs) and activators (A-group 3R-MYBs) collaborate to manipulate the cell progress through the G2/M transition in tobacco (Ito et al. 2001; Araki et al. 2004) . Thus, it is not clear what effect the absence of the B-group 3R-MYBs has on cell cycle regulation in grasses. One possibility is that the monocot A-or C-groups have picked up B-group gene function after its loss. In that case, we would expect to see accelerated evolutionary rates in monocots within the A-or C-group. However, no positive selection in monocot lineages was detected with the method used (supplementary table S2, Supplementary Material online). Taken into consideration that orchid and palm might have lost both A-and B-group 3R-MYBs, the mechanism of monocot 3R-MYB regulation in cell cycle might be more complex.
DNA-Binding Domain and Regulatory Motifs
As R1 does not directly interact with DNA in animal c-MYB, we expected it to be less conserved compared with R3 and R2. However, we found the R1 domains of plant 3R-MYBs to be highly conserved ( fig. 4d) , suggesting R1 has functional significance. In animals, R1 of c-MYB participates in intra-molecular interaction with the carboxyl-terminus of itself (Dash et al. 1996) . It is unclear whether that is the case in plant 3R-MYBs. In addition, R1 of c-MYB influences transactivation of target genes, and it may play a role in protein-protein interactions (Oelgeschlä ger et al. 2001) . Further functional characterization of the candidate rate shift sites are likely to establish whether these lessons from animal c-MYB can provide insights into plant 3R-MYBs and illuminate the ways that the three different subgroups of the plant 3R-MYB proteins differ functionally. We did not detect any sites in the MYB domain region in A-, B-or C-groups under positive selection, suggesting positive selection may not have played a role in the divergence of these paralogs. However, the power of branchsite dN/dS test for positive selection decreases as the dS value increases (Gharib and Robinson-Rechavi 2013) . As the MYB genes in this study came from distantly related species, dS saturation was expected and it could affect the test results.
The diversity of motifs in the plant 3R-MYBs is a result of both motif gain and loss during evolution. Motif 4, which originated in a common ancestor to seed plants, remains in gymnosperm and angiosperm A-group genes but has been lost in B-and C-groups genes. This motif is a repression domain that inhibits the ability of 3R-MYB proteins to activate downstream genes during the cell cycle in tobacco (Araki et al. 2004) and Arabidopsis (Chandran et al. 2010) . Moreover, specific Serine/Threonine sites in motif 1 and 4 contribute to the removal of this inhibitory effect by cyclin-mediated phosphorylation (Araki et al. 2004; Chandran et al. 2010) . The gain of motif 4 has added another level of regulation of the 3R-MYB proteins and increased the complexity of the 3R-MYB regulation network. Moreover, grass A-group 3R-MYBs have lost~12 amino acids in the middle of the repression motif, motif 4 ( fig. 2c and supplementary fig. S3 , Supplementary Material online), which may lead to differential function. Thus, in addition to the lack of B-group genes, divergent motif 4 is another factor that may contribute to the different cell cycle regulatory mechanism in grasses compared with the other flowering plants.
Intron Gain and Gene Structure Evolution
The origin of spliceosome-processed introns is a topic of debate (Koonin 2006; Rogozin et al. 2012 ) that has focused on two contrasting models: the introns-early and the intronslate hypothesis (Darnel 1978; Cavalier-Smith 1985) . The introns-early hypothesis argues that gene intron-exon structure evolution is driven by intron loss, whereas the introns-late hypothesis argues that intron gain is the driver (Tarrío et al. 2008) . Braun and Grotewold (1999) found only a single conserved intron position in eukaryotic 3R-MYBs, suggesting a major role for intron gain in this gene family. Our results expand on this, providing evidence that plant 3R-MYB genes underwent step-wise intron gain ( fig. 5) , consistent with the introns-late hypothesis.
AS Regulation of the Plant 3R-MYBs
Although >60% of plant multi-exon genes were suggested to undergo AS (Marquez et al. 2012 reported regarding alternatively spliced transcript isoforms from the MYB gene family. Previously, there were two reports of AS associated with plant R2R3-MYB genes. Arabidopsis AtMYB59 and AtMYB48, and their rice homologs AK111626 and AK107214, shared a conserved AS pattern, and the expression level of their splice variants are regulated during treatment with hormones and stresses . A genome scale analysis of Cucumis sativus identified 55 R2R3-MYBs, among which eight exhibit AS regulation (Li et al. 2012) . Our analysis suggests that >60% (16 out of 25 genes) of the 3R-MYB genes undergo AS, which is similar to the number of genes within plant genomes that are observed to undergo AS (Marquez et al. 2012) , but higher than the extent of the R2R3-MYBs. Among the 30 AS events observed, there are two cases (Amborella Amtr00109.47, Arabidopsis At5g11510 and At3g09370; Grape GSVIVT01027493001 and Arabidopsis At4g00540) where the same AS pattern was shared between different species, indicating a possible ancestral AS event. However, the majority of the AS patterns were species-specific in our analysis. In a study that identified conserved AS events among nine angiosperm species, Chamala et al. (2015) observed that 18% of AS events identified in Amborella were shared with at least one other species, while 10% were shared with at least two other species. Plant 3R-MYB AS events seems to be less conserved relative to AS events among other genes.
Interestingly, we observed a conserved alternative polyadenylation event between Arabidopsis At4g32730 and At5g11510, both of which belong to the A-group. This AS event would lead to a truncated protein lacking motif 4, which is the important C-terminal repression motif ( fig. 6 ). Transgenic study of the tobacco A-group gene NtmybA2 indicated that the C-terminal truncated protein is hyperactive compared with the whole length protein in upregulating downstream genes (Kato et al. 2009 ). Our results indicate that the Arabidopsis A-group 3R-MYB genes could generate both the primary protein products and the hyperactive protein products via AS.
Plant 3R-MYBs: Link between Cell Cycle and Abiotic Stresses
There are trade-offs between growth and stress resistance in plants. Increased abiotic stress resistance is usually associated with decreased plant growth (Bechtold et al. 2010) , and arresting the cell cycle could lead to slow plant growth (Inzé and De Veylder 2006) . Molecular evidence for connections between abiotic stress and cell cycle is emerging, but the mechanisms remain poorly defined. Phytohormones provide one piece of evidence that cell cycle and abiotic stress response are linked (del Pozo et al. 2005) . For example, the key stress hormone abscisic acid (ABA) accumulates under osmotic stress and regulates various stress responsive genes, leading to increased stress resistance and growth inhibition (Yoshida et al. 2014) . ABA also increases the expression of cell cycle inhibitors and down regulates factors related with DNA replication (Wang et al. 1998; Mudgil et al. 2002; Yang et al. 2002; del Pozo et al. 2005 ). Since it is likely that various abiotic stresses induce ABA, they are expected to change the rate of cell division. Reactive oxygen species (ROS) provide another potential link between cell cycle and abiotic stresses. ROS are often produced in reaction to various abiotic stresses (Mittler et al. 2004) , and these can damage DNA and affect DNA replication, which may affect the progression through cell division (Gill and Tuteja 2010) . A tobacco MAPKKK protein, NPK1, was observed to be involved in cell cycle, ROS signaling and plant growth (Hirt 2000; Jonak et al. 2002; Nakagami et al. 2005) . In tobacco cells, NPK1 is expressed during M-phase and its protein product localizes to the phragmoplast and central region of the mitotic spindle, suggesting its role in cell cycle regulation (Hirt 2000) . It has also been proposed that NPK1 senses H 2 O 2 and activates stress MAPKs in response to increased levels of H 2 O 2 (Hirt 2000; Nakagami et al. 2005) . In addition, the Arabidopsis ANP1, an ortholog of the tobacco NPK1, downregulates auxin-induced gene expression (Hirt 2000) . Although the NPK1 protein is involved in multiple signaling pathways, it is not clear if it mediates interaction between different signaling pathways.
Since there are often trade-offs between growth and stress resistance, genes that are positively related with plant growth and cell cycle are expected to be downregulated under stress conditions. However, up-regulation under stress conditions implies a possible stress-related regulatory function of the gene. 3R-MYB genes in tobacco (Ito et al. 2001; Araki et al. 2004 Araki et al. , 2012 Araki et al. , 2013 Ito 2005; Kato et al. 2009 ), Arabidopsis (Haga et al. 2007 (Haga et al. , 2011 and rice (Ma et al. 2009 ) are involved in regulating the cell cycle. Recently, rice OsMYB3R-2, a Cgroup 3R-MYB, has been shown to play a role in responses to cold stress as well (Dai et al. 2007; Ma et al. 2009 ); the expression of OsMYB3R-2 is upregulated under various stress conditions and overexpression of OsMYB3R-2 under cold stress increases tolerance and maintains a high level of cell division (Ma et al. 2009 ). Our analysis identified seven 3R-MYB genes from seven species that were significantly upregulated under abiotic stresses: barley MLOC10556 in response to cold; grape GSVIVT01019834001, Arabidopsis At3g09370 and soybean Glyma18G181100 in response to heat; and rice LOC_Os01g62410 (OsMYB3R-2), maize GRMZM2G081919 and poplar Potri006G085600 in response to drought (figs. 8 and 9). Among these seven genes, MLOC10556 is from the Agroup, GSVIVT01019834001 is from B-group, while the remaining five genes were from C-group. The observation that C-group genes from multiple monocot and eudicot species show upregulation under various stresses suggests that the C-group 3R-MYB genes may be involved in both cell cycle and stress resistance, and the involvement in abiotic stresses may be an ancestral condition that is conserved across angiosperms. Identification of the upstream regulatory genes as well as other downstream target genes will contribute to the understanding of how plant C-group 3R-MYBs integrate in both cell cycle and abiotic stress response. The animal orthologs of the 3R-MYB genes are solely involved in the cell cycle. The coupling of abiotic stress response and cell cycle through the 3R-MYB gene products may play a role in the ability of plants to adapt to their sessile life style.
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